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in floral color could be caused by pleiotropic effects (Strauss and Whittall 2006) . The evolution and maintenance of a particular floral color could be due to indirect selection on plant performance in contrasting physical environments, which is evident that spatial variation in flower color generally shows a geographical pattern among field populations or a patchy distribution within populations. For example, pigmented individuals usually perform better than unpigmented plants under stressful habitats (Jorgensen and Andersson 2005; Bierzychudek 2001, 2007; Warren and Mackenzie 2001) .
Our current understanding of the macroevolutionary trends of flower color comes from investigations of petal or corolla color (Rausher 2008; Smith et al. 2008; Thomson and Wilson 2008) . To our knowledge, the transition of floral color in sexual organs remains unexplored in any plant group. Compared to petal or corolla color polymorphism, variation in color of sexual organs has occasionally been reported. For example, a stigma color dimorphism (orange and white) was observed in Crocus scepusiensis (Rafiński 1979) , a gynoecium color polymorphism (pink and white) in Butomus umbellatus (Huang and Tang 2008 ) and red and greenish-yellow stigmas in Acer pictum subsp. Mono (Yang et al. 2015) . Pollen color polymorphism has been observed in several species including Lythrum salicaria (yellow and green, Darwin 1877), Erythronium grandiflorum (yellow and reddish-brown, Thomson 1986) , Linum pubescens (white and blue, Wolfe 2001) , Campanula americana (varying from deep purple to light tan, Lau and Galloway 2004) and Nigella degenii ssp. barbro (yellow and violet), Nigella degenii ssp. jenny (white or dark violet; Jorgensen et al. 2006) .
Our field and literature survey of Epimedium species (Berberidaceae) shows obvious interspecific and intraspecific variation in androecium color in this genus. The genus has around 50 species most of which are endemic to China, with a few species distributed elsewhere in East Asia and the Mediterranean region. Previous records show that most species of Epimedium have yellow anthers but some species have green anthers, e.g. E. chlorandrum (Stearn 1997; Ying et al. 2011) . Here, we report the discovery of androecium color polymorphism in E. pubescens. To compare plant performance between the two color morphs, we investigated vegetative and reproductive traits as well as habitat parameters. We mapped the distribution of 45 species that occur in China to infer a possible geographical distribution pattern of pollen color. Further, a phylogenetic analysis of anther/pollen color in Epimedium was conducted to document transitions of anther color and evolutionary trends.
MAtERIALS AND MEtHODS

Study species and populations
Epimedium species are perennial herbs in the North Temperate Zone, disjunctly distributed in the Mediterranean region and eastern Asia, with over 80% of the species of the genus concentrated in China. Wild plants generally grow in forests or forest edges. Epimedium species are ornamental shade plants with great medicinal value. Pharmaceutical studies indicated that its extracts have wide-ranging activity against sexual dysfunction, cardiovascular disease, and other immunological problems (Chen et al. 2005; Ma et al. 2011) . Species are usually characterized by basal leaves which are generally compound, often having three leaflets with spiny margins and 'spider-like' flowers with parts in fours. Each flower has four usually greenish small outer sepals which are shed when the flower opens. Four larger petal-like inner sepals are often brightly colored. The four petals are often extended into a complex shape producing a nectar spur, which may be longer than the sepals (Fig. 1) . Four filaments usually constitute a 'tube-likecorolla' holding the four anthers. As in other species in the Berberidaceae, anthers of Epimedium species dehisce by two oblong valves (Li et al. 2014) , and as the chambers curl upwards they present globular pollen grains. The feature of valvular dehiscence permits us to investigate pollen color without splitting the anthers to expose pollen grains and to see pollen in flower photos.
To explore the geographical patterns of anther/pollen color variation in Epimedium species, we investigated field populations of seven Epimedium species and collected data on the other 38 species from the literature. We got the distribution data (including altitude) and anther/pollen color mainly from Flora of China (Ying et al. 2011 ), a monograph (He 2014) and other published literature (Li et al. 2009 (Li et al. , 2014 Ma 2011; Stearn 1997; Zhang et al. 2014 Zhang et al. , 2015 . To illustrate the geographical pattern of anther/pollen color, we used mean north latitude of each Epimedium species as the X axis and mean elevation as the Y axis to draw a scatter plot.
Color polymorphism in E. pubescens
We observed obvious variation in anther/pollen color in E. pubescens during our initial field survey for this genus. While most populations had green anthers/pollen, three populations had individuals with either yellow or green anthers/ pollen. To estimate the frequency of green versus yellow pollen morphs, we counted flowering individuals from 12 populations in Jincheng Mountain National Forest Park (supplementary Table S1 ) and mapped using ArcGIS 10.2 ESRI (Environmental Systems Research Institute, CA, USA) (supplementary Fig. S1 ).
To see whether flower color polymorphism is associated with various environmental conditions, we measured environmental factors including air humidity (Jorgensen and Andersson 2005) , temperature around individual plants (Jewell et al. 1994) and relative light intensity (Arista et al. 2013) above the plants using the thermometer and hygrometer (KIMO HD100) and digital luxmeter (FieldScout Foot-candle Meter, Spectrum Technologies, Inc.). We measured three factors surround 10 individuals of each morph in Population 9 and 11, and around all individuals in Population 10.
Differences in traits and seed set
To compare plant performance between the two pollen color morphs, we randomly selected 25 plants per morph and measured both vegetative and reproductive traits, including height of the inflorescences above the ground, diameter of the middle of the floral stalk and length and width of the mid-leaflet, after counting flower number and leaf number. To quantitatively compare the floral traits of two stamen morphs, we measured 10 floral traits of each flower to 0.01 mm using a caliper micrometer, including sepal length, sepal width, spur length, spur width, spur height, style length, stamen length, anther length, anther width, and length of the column of nectar in the spur (supplementary Fig. S2 ). The spur volume was considered as cuboid and spur volume = length × width × height.
To compare pollen and ovule production, we collected floral buds from about 30 plants of each morph and stored them in a centrifuge tube with 75% alcohol. Ovules were counted under a stereomicroscope. Anthers from one flower were split and pollen grains were suspended in 900 μl water. Five drops (each drop 10 μl) of every pollen solution sample were counted under a microscope and the mean was multiplied by 90 to estimate pollen production per flower. To estimate pollen size, pollen diameter of five grains per flower was measured with a micrometer. To estimate fruit and seed production, about 30 inflorescences of each morph were collected in late April. We counted fruits per infructescence and seeds per capsule. Seeds are plump and cylindrical, with longitudinal ridges on the seed coat, permitting us to distinguish seeds from undeveloped ovules in capsules. Length and width of developed seeds were measured using the caliper micrometer.
Phylogenetic analysis
To explore transitions of the anther/pollen color in Epimedium, we reconstructed the phylogeny of 36 Epimedium species and Vancouveria chrysantha, V. hexandra and V. planipetala as outgroup from the entire internal transcribed spacer of nuclear ribosomal DNA (nrDNA) (ITS1-5.8S r RNA -ITS2) and two chloroplast markers (matK, including partial sequence of tRNALys gene; rbcL) which were downloaded from National Center for Biotechnology Information (https://www.ncbi.nlm.nih. gov/). All newly obtained raw sequences were assembled and edited using Geneious version 4.8.4 (Drummond et al. 2010) . Preliminary alignments were produced using Muscle (Edgar 2004) , and then adjusted manually in MEGA 5.1 (Tamura et al. 2011) . Aligned matrices of three DNA regions were combined using SequenceMatrix version 1.8 (Vaidya et al. 2011) . The nrITS and concatenated plastid datasets were analyzed (see Yu et al. 2015) .
Bayesian Inference (BI) and Maximum Likelihood (ML) methods were used for phylogenetic reconstruction. Partioned BI analyses were performed using MrBayes version 3.2.6 (Ronquist and Huelsenbeck 2003) , with DNA substitution models selected for gene partition by the Bayesian information criterion (BIC) using jModeltest version 2 (Darriba et al. 2012; Guindon and Gascuel 2003) . The best-fit models used for each DNA region are listed in supplementary Table S2 . Markov Chain Monte Carlo (MCMC) analyses were run in MrBayes for 10 000 000 generations for each dataset with each run comprising four incrementally heated chains. The MCMC started from a random tree and sampled every 1000 generations. Twenty-five percent of the trees were discarded as burn-in. The remaining trees were used to generate a majority-rule consensus tree. ML tree searches and bootstrap estimation of clade support were conducted with RAxML (Stamatakis 2008) . BI, ML analyses and jModeltest were performed at the CIPRES Science Gateway (http://www. phylo.org). Ancestral state of anther/pollen color was inferred by mapping characters on to the BI tree of the total dataset. Parsimony reconstruction was performed using Mesquite version 2.75 (Maddison and Maddison 2010) . Anther/pollen color was coded with three states, 0 (yellow only), 1 (green only) and 2 (yellow and green).
Data analysis
We use G-tests of goodness-of-fit to investigate whether the ratios of green and yellow morphs in the three populations are different from the expected 1:1 ratio. To assess differences in plant performance between green and yellow morphs, we compared vegetative and reproductive traits, seed length and width in SPSS 20.0 using a generalized linear model (GLM) with normal distribution and log-link function; and fruit set and seed set using GLM with binary logistic analysis. GLM with normal distribution and log-link function was also used to examine the effect of humidity, temperature and relative light intensity on habitat preference. All the analyses were performed in SPSS 20.0 (IBM Inc., New York, USA).
RESULtS
Our investigation on the 12 field populations of Epimedium pubescens indicated that all individuals of nine populations had green anthers and pollen, only three populations having anther/pollen color polymorphism. In these three populations, plants with green anthers and pollen (363 individuals) were predominant while 61 plants were yellow morphs (with yellow anthers and pollen). In one small population, population 10, the ratio of the two pollen morphs was not significantly different from 1:1 by a G-test (supplementary Table  S1 ).
Effect of environmental factors on color morph distribution
The humidity and temperature did not differ significantly between the habitats of two color morphs, but the green morph tended to appear in relatively lower light intensities than the yellow morph (Table 1) .
Our field and literature survey indicated no intraplant variation in color of anthers and pollen grains in 45 Epimedium species, of which seven species have interplant variation in anther/pollen color. The other 38 species do not show color polymorphism within species, with five species only producing green and 33 species producing yellow morphs. Mapping the distribution of 45 Epimedium species shows no green anther/pollen morphs appearing at high elevations. The mean altitude of yellow morphs (1346 ± 105 m, n = 33) was significantly higher (Wald χ 2 = 4.134, P = 0.042) than that of the green morph (778 ± 165 m, n = 5). The Epimedium species with color polymorphism occurred at moderate elevations (1080 ± 108 m, n = 7) that were not significantly different from that of either the green (Wald χ 2 = 1.280, P = 0.258) or the yellow morphs (Wald χ 2 = 2.572, P = 0.109) (Fig. 2) .
Differences between the two color morphs
There was no significant difference between green and yellow anther/pollen morphs in inflorescence stalk height, stalk diameter, flower number or leaf number (Table 2) . Leaves were relatively larger in green morphs than in yellow morphs. Except that yellow morphs had relatively larger sepals, other floral traits were not significantly different from green morphs, including spur volume, length of the column of nectar in the spur, anther width, stigma height and pollen grain size. Allocation to male function was significantly higher in green morphs than in yellow morphs, producing larger anthers and more pollen grains, and consequently higher pollen/ovule ratios (Table 2) . Green morphs seem to have larger seeds than yellow morphs; seed width but not length was relatively greater in green morphs (Table 2) . Fruit set in a natural population (Population 9) was not significantly different between green and yellow morphs in 2014. In this population, seed set per fruit was not significantly different between the two morphs in 2014 (Wald χ 2 = 2.769, P = 0.096), 2015 (Wald χ 2 = 0.007, P = 0.935) and 2016 (Wald χ 2 = 0.018, P = 0.894) (Fig. 3) .
Transitions in anther/pollen color
Sequence characteristics of three DNA regions, and the concatenated plastid and total datasets are summarized in supplementary Table S2 . Evolutionary patterns of 36 Epimedium species' anther/pollen color are shown in Fig.  4 . BI and ML trees were consistent. In general, clade resolution and support values were higher in trees from total dataset analyses compared with separate analyses of the nrITS and plastid datasets. E. diphyllum, E. perralderianum and E. pinnatum were sister to the rest of the species of the genus (pp = 0.74), which were divided into nine clades (pp = 0.86). E. pubescens could be not clearly separated from E. ogisui and E. rhizomatosum. The maximum parsimony ancestral character states showed that yellow anthers/pollen (E. Values of one morph significantly larger than the other are in bold. diphyllum, E. perralderianum and E. pinnatum) was ancestral, while green anthers/pollen appeared independently at least twice (E. chlorandrum and E. fargesii) among the 36 species. Epimedium species of the yellow morph (27) were dominant in the phylogenetic tree. Seven species with androecium color dimorphism, E. acuminatum, E. dolichostemon, E. elongatum, E. leptorrhizum, E. sagtittatum, E. sutchuenense and E. pubescens, were in four separate clades. The analyses showed that yellow anthers/pollen had transformed to the green morph at least twice and to color dimorphism (green and yellow morphs) at least five times. No reverse transitions from green anthers/pollen to the yellow morph were observed.
DISCUSSION
Our survey indicated that interspecific and intraspecific variation in androecium color was widespread in the genus Epimedium. An investigation of environmental factors in relation to androecium color in a dimorphic (green and yellow) species, E. pubescens, and general distribution of 45 Epimedium species suggested that yellow morphs tended to occur in higher light intensities or at higher elevations than green morphs. Multiple factors may drive macroevolution and microevolution of flower color, but experimental evidence remains scarce (reviewed by Rausher 2008) . Commonly evolutionary trends in flower color include transitions from blue Figure 4 : phylogenetic relationship of 36 Epimedium species with androecium color, and Vancouveria chrysantha, V. hexandra, V. planipetala as outgroups inferred from Bayesian Inference (BI), Maximum Likelihood (ML) methods using nrITS and two plastid (matK, rbcL) dataset. BI posterior probability is indicated above the branches and ML bootstrap support is indicated below the branches. Two species with a green androecium and seven species with androecium color dimorphism are labeled.
to red flowers or from pink to white flowers (Rausher 2008) . Given that few flowers are green, our comparative study of evolutionary transition in anther/pollen color from yellow to green provides new insights into the evolution of floral traits. Flower color variation is likely to be caused by mutations at loci regulating pigment synthesis (Levin and Brack 1995) . Spatial variation in flower color morph frequency has been recorded in various populations (Schemske and Bierzychudek 2001) . We observed previously undocumented androecium color dimorphism in E. pubescens. In this species, yellow morphs were relatively rare accounting for 4.47% of 12 sampled populations, compared to the common green morph. In Erythronium americanum (Liliaceae), a majority of pollen morphs were yellow with a minority of reddish-brown pollen morphs (Thomson 1986 ). In Linum pubescens, plants with white pollen were more common than those with blue pollen but the relative frequency of color morphs was opposite in other investigated populations (Wolfe 2001) . Our observations on E. pubescens are consistent with previous observations on pollen color polymorphism in diverse species in which one pollen color morph is often observed to be predominant over the other morphs within populations or species.
We observed that androecium color dimorphism in E. pubescens was associated with differences in vegetative and reproductive traits. Green morphs tended to grow in shaded areas and were larger, correspondingly producing larger anthers and more pollen grains than yellow morphs, but inflorescence stalk height, stalk diameter, leaf number, flower number, spur and nectar volume, pollen size and ovule number were not significantly different between two morphs. In tristylous Lythrum salicaria, Darwin (1877) noted that green pollen grains were larger than yellow pollen grains. In pollen color polymorphic Nigella degenii, vegetative (plant height) and reproductive traits (flower size, pollen size, external pollen morphology) were not significantly different between light and dark morphs (Jorgensen et al. 2006) .
The green morph of E. pubescens was more likely to occur in habitats with relatively lower light intensities. An androecium color survey of 45 Epimedium species showed that green morphs tended to appear at lower elevations. Both intraspecific and interspecific variations in androecium color show similar habitat preference. Given that Epimedium species generally grow in forests or forest edges, light intensity would be lower in the lower elevation habitats occupied by evergreen broad-leaved forests (He 2014) . Flower color polymorphism may result from indirect selection from contrasting physical environments (Carlson and Holsinger 2015; Schemske and Bierzychudek 2001; Tang and Huang 2010; Warren and Mackenzie 2001) . The blue morph of L. parryae typically had a fitness advantage in years of low spring precipitation, whereas white-flowered plants were advantageous in years of high spring precipitation (Schemske and Bierzychudek 2001) . Pollen color in Campanula americana varied quantitatively with the mountain population consisting predominantly of plants with dark purple pollen and the river population consisting largely of plants with tan-colored pollen (Lau and Galloway 2004) . The dark pollen morph in N. degenii had a higher frequency on slopes facing north or east than on slopes facing south or west. Plants of the dark pollen color morph also had a higher mortality under drought stress or nutrient deficiency (Jorgensen and Andersson 2005) . Two large recent geographical investigations showed variation in flower color associated with environmental heterogeneity. In flower color polymorphic Lysimachia arvensis, red color is genetically dominant. The frequency of blue flowers was observed to be negatively related to latitude, and the proportion of blue morphs increased with temperature and sunshine hours, but decreased with precipitation (Arista et al. 2013) . Among 28 populations of four Protea species, relatively more pink-flowered morphs appeared at high elevations while white morphs favored medium or low elevation sites (Carlson and Holsinger 2015) .
Phylogenetic analysis of 36 Epimedium species showed that yellow androecia were more frequent than green ones and the transitions from yellow morph to green morph or to color dimorphism occurred at least nine times. Our phylogenetic analysis confirmed that E. perralderianum and E. pinnatum with yellow stamens were the ancestral species, supporting the Epimedium phylogenetic BI and ML analysis (De Smet et al. 2012 , Zhang et al. 2007 ; used the ITS, matk dataset and ITS, atpB-rbcL dataset respectively). Bright yellow color in pollen grains is mainly due to carotenoids such as β-carotene, lutein and antheraxanthin, which occur in pollen of most animal-pollinated species (Dobson 1988) . The carotenoids are probably secondary products that absorb UV wavelengths, a function essential to land plants (Brouillard and Dangles 1993) . Yellow pollen could be more advantageous in avoiding UV damage in high radiation intensity sites like high elevations and high light intensities.
Color variation in sexual organs may directly relate to plant reproductive success. Pollen acts not only as a vehicle for male gametes and a food reward for pollinators, but also as an important visual signal (Lunau 2000) , suggesting that anther/pollen color can affect the behavior of pollinators that respond to the amount of pollen exposed by different morphs. However, our examination of pollinator preference in E. pubescens indicated that the bee pollinators did not prefer one morph over the other (Wang and Huang, unpublished data, 2016) . Selection mediated by pollinators is unlikely to explain the co-occurrence of different color morphs within the same population. Green morphs were predominant in wild populations; perhaps in contemporary environments green morphs are advantageous in that they produced larger seeds (Table 2) . Our investigation of interspecific and intraspecific variation in androecium color in Epimedium suggests that androecium color polymorphism might result from indirect selection from contrasting physical environments (Carlson and Holsinger 2015; Coberly and Rausher 2003; Jorgensen and Andersson 2005; Schemske and Bierzychudek 2001; Warren and Mackenzie 2001; Tang and Huang 2010) . The yellow morph could be tolerant of relatively higher light intensity (Table 1) and be less susceptible to pollen interference than the green morph (Wang and Huang, unpublished data, 2016) , suggesting that pollen color polymorphism in E. pubescens could be maintained by the balancing selection (Schemske and Bierzychudek 2007; Tang and Huang 2010) . Although the biochemical basis of pigment synthesis and loss of carotenoids in green pollen is unknown, the transition from yellow to green pollen in the genus Epimedium raises fresh questions about the evolutionary origins of diverse floral traits, such as how plants with green pollen compensate the deleterious effects of loss of carotenoids during evolutionary transitions.
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